Introduction
There are over 800 species of land planarians (Geoplanidae) predominantly inhabiting moist terrestrial habitats throughout the world, especially in tropical regions. These often colourful invertebrates range mostly from a few millimetres to over 20 cm in length and prey on soil Zoologica Scripta invertebrates, including other land planarians (Winsor et al. 1998) . The diversity of these tricladid flatworms is currently organized into four subfamilies, Geoplaninae Stimpson (1857), Bipaliinae Graff (1896 ), Microplaninae Pantin (1953 and Rhynchodeminae Graff (1896) ; see Riutort et al. 2012 for a revision). While subfamilies Microplaninae, Rhynchodeminae and Bipaliinae are distributed in both hemispheres, the original distribution of Geoplaninae is confined within the limits of Neotropical region.
Land planarians probably comprise the most specious taxon within tricladid flatworms. However, the group remains poorly known despite its long taxonomic history in which renowned scientists such as Charles Darwin, Fritz M€ uller and Libbie H. Hyman, among others, have contributed to its description, circumscription of taxonomic units and earlier notions of interrelationships among taxa (M€ uller 1774; Darwin 1844; Hyman 1951) . As with many other groups of invertebrates, progress in understanding this element of our biodiversity has been undermined by the restricted number of systematists interested in the group (Carbayo & Froehlich 2008) , the unavailability of type material for reference and the lack of adequate morphological features to delimit species (Ogren & Sluys 1998; Winsor 2006) leading to poor descriptions and lack of a phylogenetic framework upon which to base the classification (Carbayo & Leal-Zanchet 2003) . Nonetheless, land planarians have recently become of interest for various reasons. On the one hand, some tropical species have become invasive, even considered pests, in Great Britain and the United States (Cannon et al. 1999; Ducey et al. 1999; Iwai et al. 2010) . On the other hand, they have been shown to be good models for low-scale phylogeographical studies (Sunnucks et al. 2006; Alvarez-Presas et al. 2011 ). The evolutionary relationships among land planarians remain virtually unstudied. Early hypotheses of sister-group relationships among major lineages of land planarians have relied on biogeographical narratives involving breakage of continents and dispersal events or a priori assumptions of morphological character evolution. von Graff (1899) postulated that land planarians originated in the lost continent of Gondwana and, as a consequence of the geological breakage of the continent, they split into two groups. According to him, a lineage diversified in Australia and New Zealand (members of Caenoplaninae, currently Caenoplanini), and the other colonized South America (i.e. Geoplaninae) (Froehlich 1967 ). More recently, Winsor et al. (1998) proposed that rhynchodemids (at that time Rhynchodeminae + Microplaninae, and currently split into two not sister groups, Microplaninae and Rhynchodemini) are the earliest divergent land planarians based on their worldwide distribution. This view contradicts Marcus (1953) and Froehlich (1967) , who postulated that members of Microplaninae were the first to diverge based on the morphology of the copulatory organs. None of these hypotheses were generated by any rigorous objective analytical protocol, and since then, no phylogeny of land planarians based on the morphological data has been proposed.
Although some studies used morphological characters to infer sister-group relationships among major lineages of Tricladida (e.g. Ball 1977 Ball , 1981 Sopott-Ehlers 1985; Sluys 1989) , those proved to be insufficient to provide fully resolved phylogenetic hypotheses for this group. Our present knowledge on the phylogenetic relationships within this group therefore has profited from the incorporation of molecular data into the systematic study of planarians . According to Sluys et al. (2009) , molecular data have provided radical shifts in our views of the phylogenetic relationships between the major lineages of triclads. A major finding was that land planarians were not sister of freshwater and maricolan triclads but they shared a common ancestor with only some members of paludicolan planarians, that is, Dugesiidae (Carranza et al. 1998a,b; Sluys et al. 2009 ). However, the number of phylogenetic molecular studies for major tricladid lineages remains scarce and with low taxonomic representation, and phylogenetic hypothesis for geoplaninid land planarians based on the molecular data has never been published. Geoplaninae is comprised of land planarians that posses a broad ciliated creeping sole covering most of the ventral surface; dorsal testes; subepithelial or cutaneous longitudinal musculature well developed, arranged in bundles; and longitudinal parenchymal muscle absent or not well developed, not forming a ring zone (Ogren & Kawakatsu 1990) . However, as new taxonomic studies come to light, these characters are considered less robust because they have been revealed to be non-exclusive. For instance, species of the geoplaninid taxon Anzoplanini Winsor 2006 ; possesses dorsal and ventral testes, and some geoplaninids have welldeveloped parenchymal muscle fibres. In the only molecular phylogenetic study in which Geoplaninae have been represented, the subfamily was classified as the sister group of a clade comprised of members of Rhynchodeminae (currently Rhynchodemini) and Caenoplaninae (currently Caenoplanini) ( Alvarez-Presas et al. 2008; Fig. 1) . In that study, Geoplaninae was only represented by three species of Geoplana and one species of Notogynaphallia, although it currently comprises 260 species within 18 recognized genera Carbayo 2010; Grau et al. 2012) . Hence, the monophyly of these genera has never been tested despite the expectation that some of them constitute non-monophyletic assemblages. This assumption relies over genera that seem to be poorly circumscribed by a combination of features also found in other genera of the subfamily [e.g. Amaga Ogren & Kawakatsu, 1990; Geoplana Stimpson, 1857; Gigantea Ogren & Kawakatsu, 1990 ; Notogynaphallia Ogren & Kawakatsu, 1990; and Pasipha Ogren & Kawakatsu 1990 ; see Leal-Zanchet & Froehlich (2006) ; Carbayo (2006 Carbayo ( , 2008 Carbayo ( , 2010 ; Grau et al. (2012) ]. It is also true that some genera are diagnosed by exclusive, putative synapomorphic characters (e.g. Cephaloflexa Carbayo & Leal-Zanchet, 2003 , Xerapoa Froehlich, 1955 . Given the present state of the art in systematics of Geoplaninae, it is obvious that any attempt to test the monophyly of these taxa by rigorous phylogenetic inference would be appreciated for the systematics of the group.
Here, we attempt to provide phylogenetic refinement for the Geoplaninae, based on the molecular data and using rigorous phylogenetic inference methods, which we consider desirable to reach a meaningful (i.e. phylogenetic) classification for these groups and to understand their evolution.
Material and methods

Specimen acquisition, preparation and identification
We collected land planarians from June 1998 to July 2010 in Brazil and Chile (Fig. 2) during the day (under rocks or rotting logs) or during the night (in open places, such as trails). Following, we photographed them and took notes on their external morphology, including colour pattern. Next, we killed the specimens in boiling water and, before fixing them in 10% formalin solution for histological studies, cut off a small piece of the posterior end of the worm and put these fragments in 92-100% ethanol for the molecular study. If the copulatory organs were located at the very rear end of the body, we sampled the middle region. We also sectioned 71 fixed specimens for the identification purposes or to acquire internal morphological data for this work. To achieve that, we cut them into a variable number of pieces containing the anterior region, the prepharyngeal region, the pharynx and the copulatory apparatus, to individualize regions of taxonomic relevance. We dehydrated these fragments in a graded ethanol series, cleared in xylene, embedded in Histosec ® embedding agent for histology (Merck, Darmstadt, Germany), sectioned at 7-lm intervals using a Microm HM315R retracting rotary microtome, affixed with albumin-glycerol (1:1) Fig. 2 Sampling sites of the specimens studied.
on glass slides placed on a slide warmer, stained them with Mallory/Cason trichrome (Romeis 1989) , dehydrated in a graded ethanol series, cleared in xylene and mounted in Entellan â mounting medium (Merck, Darmstadt, Germany). The slides were observed with an optical microscope. We made drawings of the copulatory apparatuses with a camera lucida attached to the microscope. Specimen identification was based on the cross-references between the specimens we collected for this study and the primary literature, type material, and, in some cases, specimens used in the original description but not designated as types (Table S1 ). The material was deposited in the Museu de Zoologia da Universidade de São Paulo (MZUSP).
Taxonomic representation
We selected 124 specimens for this study, representing a total of 68 potentially distinct species, including 14 genera assigned to Geoplaninae and five to Rhynchodeminae (Table 1 and Table S1 ). Whenever it was possible, in most cases, we included at least two representatives of a given nominal species. We assigned the undescribed species to a genus based on the possession of morphological diagnostic characters.
Molecular data acquisition
We performed genomic DNA extractions using the Wizard â Genomic DNA Purification kit (Promega, Madison, WI, USA) following Alvarez-Presas et al. (2011) . We selected one mitochondrial (a cytochrome oxidase I gene fragment, hereafter referred to as COI) and four nuclear genes (18S rDNA type II and 28S rDNA, a partial coding region of the elongation factor 1-alpha, hereafter referred to as EF-1a and the gene encoding the ATPasealpha). We provide information on primers used here in Table 2 . The COI and ribosomal genes have been shown to be phylogenetic informative for tricladid flatworms in previous studies ( Alvarez-Presas et al. 2008 L azaro et al. 2009) , and the other two nuclear genes were tested for the first time. Mitochondrial and ribosomal genes were sequenced mostly in the Universidade of São Paulo (USP), while the nuclear genes were sequenced in the Universitat de Barcelona (UB 
Phylogenetic inference
Alignment. We assembled sequencer reads using the package Consed/Phred/Phrap Gordon et al. 1998 Gordon et al. , 2001 . Before submitting the data to phylogenetic analysis, we aligned the sequences using MAFFT (Katoh et al. 2002) using the G-INS-i iterative refinement method with 1000 cycles and visualized and edited in BioEdit (Hall 1999) . After alignment, we checked the sequences of EF-1a and COI for stop codons using the DNA-to-protein-translation online resource by Bikandi et al. (2004) and trimmed all sequences so that the first base corresponded to the first codon position. The software DAMBE (Xia & Xie 2001 ) was used to perform saturation tests for each gene by plotting observed transitions and transversions vs. gene divergences under the ML-composite TN93 model. We constructed a concatenated data matrix by merging the individual alignments including only those species for which we were able to obtain sequences of at least three of the four genes studied for one or more individuals (Table S1 ). In a few cases, the sequences of two individuals (coming from the same population) were merged to provide sequences from enough genes for their species. Finally, we created 10 and 7 partitions for 18S and 28S rDNA sequences, respectively, based on the putative homologous regions within each gene to increase computational efficiency during dynamic homology analyses (Giribet 2001) .
Dynamic homology under parsimony (MP). We performed tree searches by direct optimization (DO) (Wheeler 1996) of nucleotide sequences as implemented in POY (ver. 4.1.2.1, Var on et al. 2010). The epistemological justification for dynamic homology relies on the inter-relationships between topologies, alignments and parameter sets (Wheeler 1996 (Wheeler , 2001a Phillips et al. 2000) . Within this framework, we performed phylogenetic analyses of the data, each partition (i.e. genomic region) in separate and concatenated, using a two-step procedure. First, we collected candidate topologies using optimization alignment for an array of nine parameter sets that considered a range of gap extension costs from 1 to 8 and a range of transformation costs from 1 to 4, 4 and affine gap costs twice the cost of gap extension. The resulting cost ratios for opening gaps/extension gaps/transversions/transitions in these nine parameter sets were as follows: 2:1:1:1, 2:1:1:2, 2:1:2:1, 2:2:1:1, 2:2:1:2, 2:2:2:1, 2:4:1:1, 2:4:1:2 and 2:4:2:1. For each parameter set, we run nine iterations each of which we searched for optimal solutions by constructing 80 Wagner trees [POY command 'build (80) '] and refining them by a round of SPR followed by TBR (POY command 'swap()'), after which best and unique trees were selected for each iteration. We also preformed an extra search using three sequential searches of eight hours each [POY command 'search (max_time:0:8:0)'], after which best and unique trees were selected. These search iterations rendered 10 sets of candidate trees that were used in the next step of our analyses. Our second step comprised the rediagnose of those 10 sets of candidate trees collected under optimization alignment by filtering unique topologies and rediagnosing them using iterative pass (IP) optimization (Wheeler 2003a ). This step was applied to the simultaneous analyses of all fragments and to each non-coding region (i.e. 18S and 28S). Iterative pass optimization is a three-dimensional application of DO known to reduce alignment lengths and hence tree lengths (Wheeler 2003a) . The intense computational demand of this algorithm makes it unfeasible to use during the tree search procedure executed in the first step. However, IP was practical to employ using the subset of trees resulting from the first step. Finally, for each parameter set, the program reported the implied alignment(s) (sensu Wheeler 2003b), tree(s) topology(ies) and tree score(s). Upon completion of search and refinement, we computed the incongruence length difference (ILD) following Wheeler & Hayashi (1998) . Accordingly, we selected as our working hypothesis the results obtained from the parameter set that yielded the lowest ILD value. Sensitivity analysis for most clades on this topology was conducted using CLADESCAN (ver. 1.0, Sanders 2010) . All tree searches under DO and IP rediagnoses were performed on a 40 9 2.83GHz Q9550 Intel â CoreTM2 Quad CPU cluster at Department Zoology -IB, University of São Paulo.
Static homology under maximum likelihood (ML). We also performed phylogenetic analyses using ML as the optimality criterion within the context of static homology. To do this, we used the implied alignment generated by the selected parameter set based on the ILD value of the previous analysis. With this alignment, we defined 11 different partition sets for COI, EF-1a, 18S and 28S under the expectation of incorporating heterogeneity in evolutionary rates among sites (Table S2) . Model-based methods of phylogenetic inference require the choice of substitution models, which could be selected in a statistically rigorous manner (Ripplinger & Sullivan 2008) . Thus, for each individual partition (Table S2) , we selected the best-fitting model based on the corrected Akaike information criterion (AICc) selection criteria (Posada & Buckley 2004) Zwickl 2006 Zwickl -2011 . For each partition model and selected substitution model, we conducted a total of 100 independent search replicates (search reps = 10 in 10 CPUs), using different subset rates (link models = 0 and subset specific rates = 1), and remaining default parameters of the GARLI configuration file. Table S2 ). Gamma distribution was estimated for the ribosomal genes, and in the protein-coding genes, the partition by positions was considered enough to account for positional variations of rates, and hence, the gamma function was not implemented. All parameters were unlinked. Bayesian analyses were made for 5 million generations, sampling every 1000 trees, using two independent runs with four chains each and the default priors implemented in the program [Revmat = dirichlet (1.00, 1.00, 1.00, 1.00, 1.00, 1.00); statefreq = dirichlet (1.00, 1.00, 1.00, 1.00); shape = uniform (0.00, 200.00); pinvar = uniform (0.00, 1.00); topology = all topologies equally probable a priori (uniform); Brlens = unconstrained: exponential (10.0)]. To check that both runs have converged, the congruence of the topologies and model parameters of both runs were surveyed by checking that the standard deviation of the split frequencies reached a value below 0.01 (default burnin = 25%). To avoid using the parameters and trees analysed before reaching convergence, 30% of the saved trees were discarded as burn-in.
Results
Individual gene performance Our molecular data comprised 688 base pairs (bp) for COI, 614 bp for EF-1a, 1312 bp for 28S and 1379 bp for 18S. The ATPase-alpha gene was ruled out as it presented many amplification problems, although the primers used were designed specifically for land planarians, and the few sequences obtained were found to be relatively conserved. The independent phylogenetic analyses of the four genes estimated by BI gave similar tree topologies (not shown). Table S3 shows whether each gene was able to recover the monophyletic groups that were consistently inferred throughout all the analyses of the concatenated data set. The posterior probability values (PPV) for the monophyletic groups are also shown on Table S3 . The level of resolution displayed by the four genes is very different, with 28S being the gene that recovers more supported nodes, while COI is unable to recover most of the clades.
Analyses with concatenated genes
After phylogenetic analysis under dynamic homology (i.e.
POY) using parsimony as optimality criterion, character congruence as inferred by ILD values suggested that the parameter set in which we applied relative costs of 2:1:1:2 for opening gaps, extension gaps, transversions and transitions, respectively, minimized homoplasy among data sets ( (Table S2 ). On the other hand, the parameters for the evolutionary models estimated in the BI analysis under the GTR model and for each partition were heterogeneous among gene partitions as expected (in Table S4 substitution rates are shown). For the 3d codon positions, notably for the COI gene, the estimations were clearly anomalous. The difficulty of the methods to approach the correct parameter values for this partition could be a consequence of 3d codon positions being extremely saturated for this data set as shown in the saturation analyses (Fig. S1 ), which could also explain the inability of this gene to recover most clades (Table S3 ). The trees resulting from our three phylogenetic analyses on the concatenated data set, MP, ML and BI are shown in Fig. 3 (ML including the sensitivity plot under different parameter values and support under different methodologies) and Fig. S2 (MP, BI). In general, tree topologies are quite similar. Most of the clades that were stable throughout the parameter space of the parsimony analysis were also recovered by the ML and BI analyses. The disagreement among sister-group relationships suggested by distinct optimality criteria resides mainly in the nodes that were either found only in the tree selected by the ILD value (i.e. parameter set 2:1:1:2) in the parsimony analyses or enjoyed low bootstrap or PPV in the ML and BI analyses. Most of these nodes were earlier splits in the phylogeny. Thus, in essence, analytical procedures agree that our data provide low support for those deeper nodes.
The taxonomic representation of our analysis allowed us to test the monophyly of seven of the 15 genera included, as they were represented by at least two nominal species (e.g. ] ). Among these, only members of Cephaloflexa nested in a single clade regardless of alignment parameters and/or optimality criteria. This genus, along with genus Choeradoplana, forms a clade to which we will refer to as CEC, only recovered in ML and BI analyses. The remaining genera resulted in either paraphyletic or polyphyletic assemblages. The position of Notogynaphallia albonigra within Notogynaphallia is undermined, because this species belongs to the monophyletic Choeradoplana. This clade was recovered by ML and BI analyses and eight of nine alignment parameters of MP analysis. In addition, the position of N. albonigra also resulted in the polyphyly of Notogynaphallia. All other members of Notogynaphallia (i.e. N. sextriata, N. plumbea and N. parca, clade NOT) nested in a clade, which was recovered by ML, BI and MP, including all alignment parameter sets. Issoca and Luteostri- ata also resulted as non-monophyletic genera throughout the analyses. However, members of these two genera seem to be phylogenetically related among themselves with the inclusion of Supramontana irritata (clade LIS). Except by the phylogenetic position of Pasipha trina, which resulted in clade PEX [(Pasipha trina + Enterosyringa pseudorhynchodemus) Xerapoa hystrix] -recovered by ML, BI and seven of the nine alignment parameter sets used in MP analyses, the remaining species of Pasipha formed a stable clade (clade PAS). Finally, the phylogenetic position of members of Geoplana, as expected, rendered the genus polyphyletic. Nonetheless, we recovered consistent clades among its members. The clade comprised by G. ladislavii, G. ladislavii sensu Froehlich, 1959 (morphology-and molecular-based preliminary results do not support conspecificity with G. ladislavii von Graff, 1899), G. josefi, G. carinata, G. burmeisteri and Geoplana sp. 6, hereafter referred to as clade BUR, was recovered throughout the analyses. Other species of Geoplana (i.e. G. hina, G. crioula, G. tamoia, G. pseudovaginuloides and some undescribed species -Geoplana sp. 1, 2, 4, 5 and Geoplaninae 1) nested as a clade (clade PSE) in the BI and ML analyses and five of the nine alignment parameter sets used in MP analyses -sister to clade BUR. In addition, all members of clades BUR and PSE resulted in a monophyletic group throughout the analyses. Other clades involving species of Geoplana, associated or not with terminals attributed to different genera, were consistently recovered. That includes clade TUX (G. matuta and G. tuxaua), clade GOE (G. goetschi sensu Marcus (1951) and Notogynaphallia guaiana), clade GEO (G. vaginuloides, G. chita and Pseudogeoplana pulchella) and finally clade MUL (G. rubidolineata and G. multicolor), which resulted as sister of G. franciscana in the ML analyses.
Discussion
Phylogenetic informativeness of the genes studied The phylogenetic information content of the four genes is very heterogeneous (Table S3) as shown by the fact that some genes recover less monophyletic groups, although those recovered are mostly congruent. The 28S ribosomal gene is the one that retrieved the maximum number of monophyletic clades recovered through the analyses of the concatenated data set, while the mitochondrial COI gene is unable to recover most of them. Also 3rd codon position saturation could be responsible for the lower resolution obtained with COI ( Fig. S1) . The concatenated data set shows, as expected, a more resolved phylogeny because the molecular markers used provide information that may be affecting different levels of the tree (either basal nodes or less inclusive clades) (Huelsenbeck et al. 1996; Soltis et al. 1999; Baldauf et al. 2000) . Despite all the efforts invested in the analyses, including the use of partitions as a strategy to try to avoid homoplasy in genetic data reducing the systematic error (Nylander et al. 2004; Brandley et al. 2009 ), there are still nodes lacking statistical support, mainly in the internal branches linking the major supported clades. Thus, the genes selected for this study seem not to be adequate markers for revealing ancient relationships within this group. Nonetheless, they revealed a good number of well-supported clades and the polyphyly of diverse genera that can be sustained with morphological data.
Morphological congruence with molecular results I: polyphyly of Geoplana, Notogynaphallia and Pasipha Despite clade instability of some internal nodes in our results ( Fig. 3 and Fig. S2 ), many clades were prevalent throughout the parameter space and insensitive to optimality criteria. Of the clades that were recovered throughout the analyses, many are comprised of lineages that share morphological attributes and form morphologically cohesive clades that we will discuss. On the other hand, some genera, Geoplana, Notogynaphallia and Pasipha, are polyphyletic in the trees. Their members are located in less inclusive, but mostly morphologically congruent clades. Most species of Geoplana are distributed across six morphologically congruent clades, that is, clades GEO, BUR, PSE, TUX, MUL and GOE, the latter also including a species of Notogynaphallia. In clade GEO, there are three species, G. chita, Pseudogeoplana pulchella and two individuals of G. vaginuloides, the type species of the genus. These two individuals are similar in dorsal colour patterns to specimens studied by Marcus (1951) , but they differ slightly from each other by the width and colour of the dorsal longitudinal stripes. The specimen MZUSP PL 1009 shows a median ochre orangish-coloured stripe and the lateral black stripes with conspicuous clear spots, whereas the specimen MZUSP PL 666 presents a narrower, reddish median stripe, and the clear spots on the lateral stripes are less conspicuous. The two specimens did not nest in the same clade in the molecular trees, consequently undermining the reciprocal monophyly of the species. Riester (1938) , Marcus (1951 Marcus ( , 1952 and Froehlich (1956a Froehlich ( , 1958 reported up to eight different dorsal colour patterns for G. vaginuloides. The conspecificity of specimens under G. vaginuloides with Darwin's species will remain an open question until worms with the same dorsal colour pattern, and preferably from the type locality, near to Rio de Janeiro, are examined. Both G. vaginuloides and G. chita are very similar in general morphology. The two species also possess a muscular tube around the intestine, although it was explicitly absent in the diagnosis of the Geoplaninae. The tube is composed of parenchymatic longitudinal single fibres, interwoven with muscle fibres of the supra and subintestinal parenchymatic muscular layers, a characteristic previously reported for G. vaginuloides (Grau 2010) . Pseudogeoplana pulchella, up to the present only known through its external aspect, shares with G. vaginuloides and G. chita all features cited above for the clade (F. Carbayo, pers. obs.; see also the section Taxonomic Actions).
The species in clade BUR (G. ladislavii, G. josefi, G. burmeisteri, G. carinata, G. ladislavii sensu Froehlich 1959 and Geoplana sp. 6) share a similar morphology (see the section Taxonomic Actions) with those in clade PSE (G. tamoia, G. pseudovaginuloides, G. crioula, G. hina, the undescribed Geoplana sp. 1, 2, 4 and 5 and the unknown Geoplaninae 1), its sister clade. The main differences between members of these clades reside in that species in BUR possess a number of trilobulated eyes in addition to the one-cup eyes, whereas in members of PSE, the eyes are only of one-cup type. In addition, the sensory pits of members of BUR are arranged in several rows on each side of the body (F. Carbayo, pers. obs.), whereas in members of PSE, the pits are arranged in a single row. Differing from BUR species, most of those within PSE have smaller body size, and the terminal portion of the ejaculatory duct in some species opens to a distal cavity of the penis papilla. Unfortunately, very little can be said about the specimen Geoplaninae 1 since it is immature; thus, the identification or description of the species is pending on the study of additional, mature conspecifics.
The species within clade TUX (G. tuxaua and G. matuta) have a distinct intrabulbar prostatic vesicle broadly communicates with an ejaculatory cavity inside an apparent penis papilla. Although the species within clade MUL (G. multicolor, G. rubidolineata) also constitute a morphologically homogeneous group (see the section Taxonomic Actions), the clade can be only diagnosed by a combination of nonexclusive features. A comparative examination of the ultrastructure of the epithelium with multilayered aspect lining the female atrium might reveal that this type of epithelium takes various forms among geoplaninids (Carbayo & LealZanchet 2003; Grau & Carbayo 2011) . Geoplana franciscana resulted as the sister group of clade MUL only in the ML tree, and it also has the morphological characteristics of the specimens in this clade. The only two species that constitute clade GOE belong to different genera (Geoplana goetschi sensu Marcus (1951) and Notogynaphallia guaiana). Contrary to most geoplaninid species, these two species have additional parenchymatic muscle layers comprised of longitudinal bundles of muscle fibres, dorsally as well as ventrally to the intestine (F. Carbayo, pers. obs.) . This feature clearly distinguishes specimens of G. goetschi sensu Marcus (1951) from the sympatric specimens of G. goetschi sensu Riester (1938) that we have sampled in the type locality for this study. Moreover, Riester's-type material does not possess these features, whereas Marcus' specimens do (F. Carbayo, pers. obs.) . Regarding the two genus assemblage of clade GOE, Geoplana and Notogynaphallia, it should be noted that the generic diagnosis differs in only one feature, which is the presence of a penis papilla in Geoplana, and its absence in Notogynaphallia. Although in some specimens of G. goetschi, the penis papilla is a large and conspicuous organ, it is not a permanent structure. The non-permanent nature of the penis papilla has lead authors to remove this species from Geoplana (diagnostically, species with penis papilla) into Notogynaphallia (Ogren & Kawakatsu 1990 ) (diagnostically, species without penis papilla) and back to Geoplana The remaining species of Notogynaphallia studied herein are distributed into two groups, clade NOT (N. plumbea, N. parca, N. sexstriata), which includes the type species of the genus N. plumbea and clade CEC (N. albonigra). The species within NOT are very similar to each other; the most distinctive feature of the clade is an intrabulbar, prostatic vesicle broadly communicates with the male atrium; and the course of the ovovitelline ducts (ascending lateral to posterior region of the female atrium and joined with each other behind it; see also the section Taxonomic Actions). Notogynaphallia albonigra possesses all diagnostic features of Choeradoplana (F. Carbayo, pers. obs.). Species of Pasipha are distributed into two clades, PAS and PEX. Clade PAS (Pasipha pasipha, P. chimbeva, P. tapetilla, P. rosea, P. pinima, Pasipha sp. 1 and sp. 2) includes the type species, P. pasipha. In addition to sharing external and internal morphological structures, a distinctive feature present in most species within the clade is an extrabulbar prostatic vesicle, differentiated by means of the secretions it receives (frequently also by means of its shape, divided into an anterior, dilated portion and a narrow, posterior portion). Pasipha trina nested into another clade (PEX), which is heterogeneous in generic composition (Pasipha trina, Enterosyringa pseudorhynchodemus and Xerapoa hystrix). However, species within this clade share many morphological similarities, among them, it is worth highlighting a very small body size, the thin creeping sole and rear position of the ovaries along the body.
Morphological congruence with molecular results II: new clades
Clade CEC includes species of Choeradoplana, Cephaloflexa and N. albonigra. The classification of Notogynaphallia albonigra has been already discussed above. This clade also includes the type species of the two genera, that is, Ch. iheringi and Ce. bergi. Each genus is well diagnosed by putatively derived features (see Carbayo & Leal-Zanchet 2003; , and some of the features are also shared by members of Choeradoplana and Cephaloflexa, providing support to clade CEC. These morphological attributes include cephalic end curved backwards, lack of eyes and sensory pits at the apex, cephalic retractor muscle fibres running along sagittal planes and subneural parenchymal muscle layer only present in the cephalic region. The latter feature is also present in the Colombian geoplaninid Gigantea maupoi Carbayo 2008. It is likely a convergent character because the species is morphologically highly divergent from those of clade CEC. In any case, we cannot corroborate this as we have no sequences of this species. Choeradoplana iheringi, here represented by specimens MZUSP PL 533 and MZUSP PL 540, resulted paraphyletic. The former specimen has a similar copulatory apparatus to Ch. iheringi, whereas the copulatory apparatus of the specimen MZUSP PL 540 is similar to 'EMF 648', a specimen studied and identified by Leal-Zanchet & Souza (2003) as conspecific with Ch. iheringi. These differences in the morphology of the copulatory apparatuses have been related to populational variation (Leal-Zanchet & Souza 2003), but after our results, we would consider them as specific diagnostic features, that is, they likely are not conspecific. The study of further specimens from different areas may disentangle this taxonomic problem.
All species in clade LIS (species of Luteostriata, Issoca and Supramontana) share a set of morphological features. That includes the fibres of the cephalic retractor muscle (derived from the longitudinal cutaneous ventral musculature) anteriorly dissipate by detaching its muscle fibres in a fan-like fashion; and a subneural parenchymal transverse muscle layer throughout the entire body. Each genus is also well delimited by details of the cephalic shape and the organization muscle fibres in the head [see Table 3 in Carbayo (2010) ]. Strikingly, our results indicate that Issoca is polyphyletic, whereas Luteostriata is paraphyletic, even though the species analysed present all diagnostic features of the respective genus. Luteostriata graffi also resulted as a paraphyletic taxon. A thorough taxonomic revision of the species for these three genera would be necessary.
The sister-group relationship between clade CHL (Gusana sp. 1 + Polycladus sp. 1), from Chile, and the remaining species of Geoplaninae clearly indicates that there was an early split between this clade and the species that diversified in Brazil. The species of clade CHL are morphologically rather different from each other in external and internal features. This morphological heterogeneity should not be interpreted as an artefact in our analysis, but rather a consequence of the poor species representation of Chilean fauna in our trees. Indeed, the only 26 species of Geoplaninae known from Chile belong to seven genera, with three of them endemic. Furthermore, scattered samplings suggest the existence of a high diversity of unknown species (Grau & Carbayo 2010 ).
Species of unclear phylogenetic relationships
Five species (Geoplana quagga + G. goetschi; Geoplana sp. 3; G. phocaica; and Geobia subterranea) are dispersed across the phylogenetic trees, either isolated or constituting a two-species clade. Among these species, only G. quagga + G. goetschi always constitute a clade, but they are notably different from each other both in their external and internal features, and Geoplana phocaica matches the features of species of clade MUL. The remaining two species do not show morphological homogeneity with any of their sister groups. These five species show diverse sister-group relationships depending on the parameters and methods used in the inferences and are placed in relatively deep nodes, which unfortunately could not be resolved with the genes used here.
Concluding remarks over 50 years ago, a number of species of Geoplana sensu Froehlich (1955a) were tentatively gathered into 'probably natural groups' (Froehlich 1955a ). An initial grouping, based on the external and internal characters, was firstly proposed for the majority of the well-described Brazilian species (Froehlich 1955a) . Later on, more species were proposed and included into the groups (Froehlich 1956a) , and finally, species from across the Neotropics were also considered (Froehlich 1967) (Table S5 ). The groups they proposed match, in part, some clades of our results (i.e. GEO, BUR, TUX, NOT, PAS, LIS). Froehlich and E. M. Froehlich avoided proposing formal taxa because 'most groups pass gradually to others or show only minor differences between them' (Froehlich 1967) . Our results have independently revealed a number of phylogenetically informative morphological characters that provide good support for a systematic review of the species of Geoplaninae provided here.
The molecular approach has also been suitable for evaluating specific diagnostic features, which otherwise would simply have been interpreted as intraspecific variation. Thus, the inclusion of molecular data is a highly valuable tool for unveiling cryptic species of land flatworms.
There is still much work to be done to better understand the evolution of the geoplaninid planarians. The genes COI, 18S and 28S rDNA, and EF-1a revealed phylogenetic patterns congruent with morphologically homogeneous groups, but failed to identify ancient nodes. Future studies will need to scrutinize the type material, and taxon and gene sampling across land planarian lineages in the Neotropics. That is especially true for genera such as Amaga, Gigantea, Liana for which very little is known and from still undiscovered species. By doing so, it is hoped that we will be able to disentangle most basal nodes of the phylogeny and discover the diversification processes undergone by these vagile worms.
Taxonomic actions
According to the molecular phylogeny and current classification of Geoplaninae, here, we (i) divide Geoplana into six genera -Barreirana (currently a subgenus within Geoplana); Cratera gen. n., clade PSE; Imbira gen. n., clade GOE; Matuxia gen. n., clade TUX; Obama gen. n., clade BUR; Paraba gen. n., most of species within clade MUL -(ii) emend the diagnoses of five taxa namely Barreirana, Geoplana, Notogynaphallia, Pasipha and Xerapoa and (iii) review the classification of the species placed in these genera by means of morphological observations (see Discussion) and data available in the literature. We considered incertae sedis those species morphologically poorly known or those that possess a combination of features incongruent with the characters listed in the diagnoses of their genera. Nominal species included as terminals in the present study are marked with *. Emended diagnosis. Geoplaninae with medium-sized body, 30-100 mm in length; body slender, with nearly parallel margins; dorsum strongly convex; eyes monolobulated, cone shaped in the anterior region of the body; muscle tube around the intestine composed of parenchymatic longitudinal muscle fibres; pharynx cylindrical; prostatic vesicle intrabulbar, narrow; thick well-delimited male genital muscle coat and; penis papilla protrusible, cylindrical, very long, extending even along the entire female genital atrium; muscle fibres of penis papilla and ejaculatory duct densely packed in a thick layer; male atrium not folded; ascending portion of the ovovitelline ducts lateral to female atrium, joining each other above it; genital canal dorso-anteriorly flexed, arising from the posterior region of the female atrium; female atrium long, not folded.
Distribution. States of Rio de Janeiro, São Paulo, Paran a and Santa Catarina, in Brazil.
Type species. Planaria vaginuloides Darwin, 1844, designated by Froehlich (1955b) .
Species of Geoplana.
Geoplana vaginuloides (Darwin, 1844) Geoplana chita Froehlich, 1956b Geoplana pulchella Schultze & M€ uller, 1857
Species not of Geoplana. Graff, 1897 see under Obama Geoplana cassula Froehlich, 1955 see under Paraba Geoplana catharina Hyman, 1957 see under Obama Geoplana crioula E. M. Froehlich, 1955* see under Cratera Geoplana dictyotona Riester, 1938 see under Obama Geoplana divae Marcus, 1951 see under Obama Geoplana elegans (Darwin, 1844) see under Pseudogeoplana Geoplana eudoxiae Ogren & Kawakatsu 1990 see under Obama Geoplana eudoximariae Ogren & Kawakatsu, 1990 see under Obama Geoplana evelinae Marcus, 1951 see under Obama Geoplana ferussaci von Graff, 1897 see under Obama Froehlich, 1959 see under Paraba Geoplana tamoia E. M. Froehlich, 1955b see under Cratera Geoplana tapira Froehlich, 1958 see under Paraba Geoplana tingauna Kishimoto & Carbayo, 2012 (in Almeida et al., 2012) see under Paraba Geoplana trigueira E. M. Froehlich, 1955b see under Obama Geoplana yara E. M. Froehlich, 1955b see under Cratera Geoplana zebroides Riester, 1938 see Genus Barreirana Ogren & Kawakatsu, 1990 Emended diagnosis. Geoplaninae with small-sized body, 8-22 mm in length, body subcylindrical, slender with nearly parallel margins; dorsal colour pattern with transverse bands; eyes monolobulated, distributed on nearly all dorsum; pharynx cylindrical; prostatic vesicle intrabulbar, narrow; penis papilla protrusible, large conical, nearly horizontal; male atrium not folded; ascending portion of the ovovitelline ducts lateral to the gonopore canal or to the female atrium, joining each other above female atrium; genital canal dorsoanteriorly flexed, arising from the postero-dorsal region of the female atrium; female atrium small, funnel-shaped.
Geoplana apeva
Distribution. States of Rio de Janeiro, São Paulo, in Brazil.
Type species. Geoplana barreirana Riester, 1938; designated by Ogren & Kawakatsu (1990) Species of Barreirana.
Barreirana barreirana (Riester, 1938) comb. n. Barreirana zebroides (Riester, 1938) comb. n.
Genus Cephaloflexa Carbayo & Leal-Zanchet, 2003
Cephaloflexa nataliae (Froehlich, 1959) comb. n.
Genus Cratera gen. n Etymology. The name Cratera is derived from the Latin word crater. It alludes to the cavity in the penis papilla resembling the depression in the mouth of a volcano. The gender is female.
Diagnosis. Geoplaninae with medium-sized body, 30-70 in length; body broad, flattened, slightly leaf-shaped; eyes monolobulated; pharynx cylindrical to bell-shaped; prostatic vesicle extrabulbar; penis papilla protrusible, having distally a cavity continued from the ejaculatory duct; male atrium not folded, generally not separated from the female one; ascending portion of the ovovitelline ducts anterior or lateral to the female atrium and joining each other above it; genital canal dorso-anteriorly flexed, arising from the postero-dorsal or posterior region of the female atrium; female atrium funnel-shaped.
Distribution. States of Rio de Janeiro, São Paulo, southeast Brazil.
Type species. Geoplana pseudovaginuloides Riester, 1938
Species of Cratera. Cratera crioula (E. M. Froehlich, 1955b)* comb. n. Cratera joia (Froehlich, 1956b) comb. n. Cratera pseudovaginuloides (Riester, 1938 )* comb. n. Cratera sp. 1* Cratera sp. 4* Cratera sp. 5* Cratera tamoia (E. M. Froehlich, 1955b)* comb. n. Cratera yara (E. M. Froehlich, 1955b) comb. n.
Genus Choeradoplana Graff, 1896
Choeradoplana albonigra (Riester, 1938)* comb. n.
Genus Enterosyringa Ogren & Kawakatsu, 1990
Enterosyringa pseudorhynchodemus (Riester, 1938 )* See under Xerapoa Froehlich, 1955a
Genus Imbira, gen. n Etymology. In Tupi (Indigenous Brazilian language), Imbira is a strip of bark peeled off from certain trees; it alludes to the body shape of the species of the genus. The gender is female.
Diagnosis. Geoplaninae with large-sized body, 90-140 mm in length, body slender, flattened, with margins parallel; eyes monolobulated, marginally arranged along the body; parenchymatic muscle layers of longitudinal fibres, dorsally and ventrally to the intestine, in addition to the three common parenchymatic muscle layers; prostatic vesicle extrabulbar, long-branched; penis papilla eversible; male atrium folded; ascending portion of the ovovitelline ducts lateral to the gonopore canal or to the female atrium and joining each other above female atrium; genital canal dorso-anteriorly flexed, arising from the postero-dorsal region of the female atrium; female atrium rounded, clothed with an epithelium with multilayered aspect. Genus Matuxia gen. n Etymology. Matuxia is a free association of the epithetic names matuta and tuxaua and the first name of Dr. Eud oxia Maria Froehlich, who described the two species of the new genus. The gender is female.
Diagnosis. Geoplaninae with medium-sized body, 45-120 mm in length; body slender, margins nearly parallel, dorsum and ventral side slightly convex; eyes monolobulated, marginally arranged along the body; pharynx cylindrical; prostatic vesicle intrabulbar, bifurcated proximally and broadly communicated with an ejaculatory cavity inside penis papilla; penis papilla apparent, with dorsal insertion posterior to the ventral; male atrium not folded, separate from the female by a fold; ascending portion of the ovovitelline ducts lateral to the gonopore canal or to the female atrium, joining each other above it; genital canal dorsoanteriorly flexed, arising from the dorsal region of the female atrium; female atrium rounded, clothed with an epithelium with multilayered aspect.
Distribution. States of Rio de Janeiro and São Paulo, in Brazil.
Type species. Geoplana tuxaua E. M. Froehlich, 1955b Species of Matuxia.
Matuxia tuxaua (E. M. Froehlich, 1955b)* Matuxia matuta (E. M. Froehlich, 1955b)* Genus Notogynaphallia Ogren & Kawakatsu, 1990 Emended diagnosis. Geoplaninae with small-to-mediumsized body, 16-70 mm in length; slender body, margins nearly parallel; dorsum and ventral side slightly convex; eyes monolobulated, marginally arranged along the body; pharynx cylindrical; prostatic vesicle intrabulbar, dilated, broadly communicated with the richly folded male atrium; penis papilla eversible; ascending portion of ovovitelline ducts lateral to posterior region of the female atrium and joining each other behind it; genital canal dorso-anteriorly flexed, arising from the posterior region of the female atrium; female atrium irregular and narrow.
Distribution. States of PB, Rio de Janeiro, São Paulo, Paran a, Rio Grande do Sul, in Brazil.
Type species. Geoplana plumbea Froehlich, 1956 , designated by Ogren & Kawakatsu, 1990 Species of Notogynaphallia.
Notogynaphallia biseminalis (Riester, 1938) comb. n. Notogynaphallia froehlichae Ogren & Kawakatsu, 1990 Notogynaphallia modesta (von Graff, 1899) Notogynaphallia mourei (Froehlich, 1956b) Notogynaphallia parca (E. M. Froehlich, 1955b )* Notogynaphallia plumbea (Froehlich, 1959 (Hyman, 1962) Notogynaphallia andina (Hyman, 1962) Notogynaphallia atra (Schultze & M€ uller, 1857) Genus Obama gen. n Etymology. The name Obama is a composition of the Tupi (Indigenous Brazilian language) words oba (meaning leaf) and ma (animal). It alludes to the characteristically flattened, leaf-shaped body of the species of the genus. The gender is female.
Diagnosis. Geoplaninae with medium-sized to large body, 30-300 mm in length; body broad, flattened, leafshaped; eyes mono-and trilobulated, dorsal; part of the sensory pits arranged in 2-4 rows on each side of the body; pharynx cylindrical or bell-shaped; prostatic vesicle extrabulbar, short, curved and anteriorly branched; penis papilla protrusible, conical, horizontal, occupying entire male atrium, with dorsal insertion posterior to the ventral, sometimes laterally displaced; male atrium, not folded, generally not separated from the female one; ascending portion of the ovovitelline ducts lateral to the female atrium and joining each other above it; genital canal dorso-anteriorly flexed, arising from the postero-dorsal or posterior region of the female atrium; female atrium ample, long or funnelshaped.
Distribution. States of Amap a, Minas Gerais, Rio de Janeiro, São Paulo, Paran a, Santa Catarina, Rio Grande do Sul, in Brazil.
Type species. Geoplana fryi von Graff, 1899
Species of Obama.
Obama apeva (Froehlich, 1959) comb. n. Obama applanata (von Graff, 1899) comb. n. Obama argus (von Graff, 1899) comb. n. Obama assu (Froehlich, 1959) (Hyman, 1957) comb. n. Obama dictyotona (Riester, 1938) comb. n.
Obama divae (Marcus, 1951) comb. n. Obama eudoxiae (Ogren & Kawakatsu, 1990) comb. n. Obama eudoximariae (Ogren & Kawakatsu, 1990) comb. n. Obama evelinae (Marcus, 1951) comb. n. Obama ferussaci (von Graff, 1897) comb. n. Obama ficki (Amaral & Leal-Zanchet, 2012 ) comb. n. (in Amaral et al., 2012 Obama fryi (von Graff, 1899) comb. n. Obama glieschi (Froehlich, 1959) comb. n. Obama itatiayana (Schirch, 1929) (Froehlich, 1958) comb. n. Obama polyophthalma (von Graff, 1899) comb. n. Obama riesteri (Froehlich, 1955) comb. n. Obama rufiventris (Schultze & M€ uller, 1857) comb. n. Obama ruiva (E. M. Froehlich, 1972) comb. n. Obama schubarti (Froehlich, 1958) comb. n. Obama sp. 6* Obama trigueira (E. M. Froehlich, 1955) comb. n.
Genus Paraba gen. n Etymology. In Tupi (Indigenous Brazilian language), Paraba means multicoloured; it alludes to the multicoloured dorsum of the type species of the genus. The gender is female.
Diagnosis. Geoplaninae with small-to-medium-sized body, 6-80 mm in length; body slender, with margins nearly parallel; dorsum and ventral side slightly convex; eyes monolobulated; pharynx cylindrical; prostatic vesicle extrabulbar, generally horizontal; penis papilla protrusible, conical; male atrium not folded; ascending portion of ovovitelline ducts lateral to the gonopore canal or to female atrium, joining each other above female atrium; genital canal dorso-anteriorly flexed, arising from the postero-dorsal region of female atrium; female atrium female atrium rounded, clothed with an epithelium with multilayered aspect.
Distribution. States of Rio de Janeiro, São Paulo, Paran a, Santa Catarina and Rio Grande do Sul, in Brazil.
Type species. Geoplana multicolor von Graff, 1899
Species of Paraba.
Paraba caapora (Froehlich, 1958) comb. n. Paraba cassula (E. M. Froehlich, 1955) comb. n.
Paraba franciscana )* comb. n. Paraba gaucha (Froehlich, 1959) comb. n. Paraba goettei (Schirch, 1929) comb. n. Paraba incognita (Riester, 1938) Paraba preta (Riester, 1938) comb. n. Paraba rubidolineata (Baptista & Leal-Zanchet, 2005 )* comb. n. Paraba suva (Froehlich, 1959) comb. n. Paraba tapira (Froehlich, 1958) comb. n.
Genus Pasipha Ogren & Kawakatsu, 1990
Emended diagnosis. Geoplaninae with variously sized bodies; body slender, flattened, with parallel margins; eyes monolobulated; prostatic vesicle extrabulbar, differentiated, by means of the secretions it receives and, frequently also by means of its shape, into an anterior, dilated portion and a narrow, posterior portion; penis papilla eversible; ejaculatory duct opens directly into a richly folded, long male atrium, usually separated from the female one by a dorsal fold; ovovitelline ducts with ascending portion, if any, posterior to the female atrium, joining each other behind it; genital canal ventrally flexed, arising from the posterior region of the female atrium.
Distribution. States of PB, Minas Gerais, Rio de Janeiro, São Paulo, Santa Catarina, Rio Grande do Sul, in Brazil.
Type species. Geoplana pasipha Marcus, 1951; designated by Ogren & Kawakatsu (1990) Species of Pasipha.
Pasipha astreae (Marcus, 1951) Pasipha caeruleonigra (Riester, 1938) Pasipha cafusa (Froehlich, 1956 Pasipha tapetilla (Marcus, 1951 )* Pasipha velutina (Riester, 1938) Species not of Pasipha. Pasipha trina (Marcus, 1951 )* see under Xerapoa Pasipha biseminalis (Riester, 1938) see under Notogynaphallia
Species of Pasipha incertae sedis. Pasipha aphalla (Hyman, 1941) Pasipha ercilla (E. M. Froehlich, 1978) Pasipha chilensis (von Graff, 1899) Pasipha velina (E. M. Froehlich, 1955b) Pasipha weyrauchi (du Bois-Reymond Marcus, 1951) Pasipha diminutiva (Hyman, 1955) Genus Pseudogeoplana Ogren & Kawakatsu, 1990 Pseudogeoplana arpi (Schirch, 1929) comb. n. Pseudogeoplana blaseri (Schirch, 1929) comb. n. Pseudogeoplana bresslaui (Schirch, 1929) comb. n. Pseudogeoplana elegans (Darwin, 1944) comb. n.
Genus Xerapoa Froehlich, 1955
Emended diagnosis. Geoplaninae with small-sized body, 15-30 mm in length; thin, subcylindrical body, margins nearly parallel; anterior region raised; sensory pits may open at the tip of small papillae; eyes monolobulated, marginally arranged along the body; creeping sole as wide as one-third of body width; main nervous system two-chords shaped; pharynx cylindrical; ovaries close to the pharynx; ovovitelline ducts with ascending portion, if any, posterior to female atrium and joining each other behind female atrium; genital canal horizontal, arising from the posterior region of female atrium; female atrium small, funnel-shaped.
Distribution. States of São Paulo, Santa Catarina, in Brazil.
Type species. Xerapoa hystrix Froehlich, 1955 , designated by Froehlich (1955 Xerapoa species.
Xerapoa hystrix Froehlich, 1955a* Xerapoa una Froehlich, 1955a Xerapoa pseudorhynchodemus (Riester, 1938) 
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